Jet-cooled diode laser spectrum and FTIR integrated band intensities of CF 3 Br: rovibrational analysis of 2ν 5 and ν 2 + ν 3 bands near 9 µm and cross section measurements in the 450 -2500 cm -1 region 
Introduction
Once they have reached the stratosphere, brominated organic compounds undergo photochemical oxidation thus releasing bromine atoms that critically affect the Earth's protective ozone layer. Known bromine sources include the long-lived anthropogenic halons and methyl bromide: between 1980 and the late 1990s emissions of these compounds have resulted in more than a doubling of the atmospheric bromine loading [1] . Bromotrifluoromethane (CF 3 Br, Halon 1301, Freon 13B1), characterized by a long stratospheric lifetime (about 65 years), has the highest Ozone Depletion Potential among the sources of bromine (12 referred to CFC 11, as reported in Ref. [2] ), and therefore it has been banned by the Montreal Protocol since 2003. Its averaged global tropospheric mixing ratio has been estimated equal to 2.6 ppt [3] : this value may seem rather low but it must be underlined that bromine is considered up to 45 -70 times more efficient than chlorine as a catalyst of stratospheric ozone depletion [4] .
The mid infrared spectrum of bromotrifluoromethane shows two strong absorption bands (ν 1 and ν 4 located at 1085 and 1210 cm -1 , respectively) and a number of weaker fundamental, overtone and combination features, so this compound can heavily contribute to the greenhouse effect. In addition to its importance in the atmospheric chemistry, CF 3 Br has been proposed as prototype molecule for infrared laser chemistry and isotopically selective multiphoton induced dissociation (see Refs.
[ 5 -9] and references therein).
Owing to the severe environmental effects and the suggested variety of applications, CF 3 Br has been the subject of many spectroscopic studies in the last decades. Concerning the microwave and the millimetre regions, the 12 C species has been extensively analyzed in the past [10 -15] thus leading to the determination of the dipole moment and to an accurate set of ground state constants for both the 79/81 Br isotopologues; the bromine nuclear quadrupole constants have been theoretically investigated employing several DFT and hybrid HF/DFT methods [16] . Recently also the 13 C species have been studied [17] employing both radiofrequency-microwave double resonance (RFMWDR) and conventional microwave spectroscopic techniques.
The infrared spectrum of CF 3 Br has been originally assigned by Plyler and Acquista [18] and subsequently by Polo and Kent Wilson [19] ; the structure of many fundamental, overtone and combination bands has been analysed at medium resolution employing grating [20 -23] and Fourier transform spectrometers [24] . The advent of tunable diode laser and FTIR spectrometers with a greater resolving power has allowed a more accurate rovibrational analysis of the fine structure of the infrared spectrum (see for example Refs. [25 -27] ).
The last years have seen a renewed interest in the spectroscopic studies of similar halogenated pollutants (see for example Ref. [28] and references therein) since an accurate rovibrational analysis of the bands falling in the mid infrared region could support the quantitative detection and the temperature profiles modelling of these compounds. Furthermore, since a better understanding of their radiative forcing needs accurate information about absorption strengths, integrated cross section measurements in a wavenumber range as wide as possible could be useful. Recently [29] we have employed a slit-jet supersonic expansion to simplify the spectrum of the ν 1 band around 1085 cm -1 recorded with a tunable diode laser spectrometer, resolving almost completely the K-structure of many P(J) and R(J) multiplets and so improving our earlier results [30] . Here we complete the jet-cooled high-resolution study of the region coming from 2ν 5 and ν 2 + ν 3 for both the bromine isotopologues.
The previous rovibrational investigations of these bands carried out several years ago [31, 32] with a diode laser spectrometer were lacking of some important spectral regions: for example, the P branch of 2ν 5 at 200 K was completely overlapped by the stronger R branch of the ν 1 fundamental, so the analysis was restricted to the R branch transitions. In addition, the K-structure of both these bands appeared not completely resolved even at a resolution of about 0.002 cm -1 and the accuracy of the measurements, limited by the secondary standards employed, was estimated around 0.003 cm -1 . In the present work the use of a slit-jet expansion has allowed us to access for the first time to the resolved P branch transitions recording the high-resolution spectrum (up to 0.0007 cm -1 ) of 2ν 5 in the region 1090 -1102 cm -1 . In the region of ν 2 + ν 3 a new and more complete data set has been obtained from the analysis of the cold (about 50 K) free-jet spectrum and that recorded at stratospheric temperature (200 K). The measurements cover about 85% of the range 1110 -1130 cm -1 , thus furnishing P and R transitions at
higher J values than our previous data. As a consequence, a more reliable and accurate set of spectroscopic parameters has been obtained for 2ν 5 and ν 2 + ν 3 of both the bromine isotopologues. Furthermore, many features belonging to various hot bands have been identified, and the corresponding sets of molecular constants have been determined. We have also measured the integrated cross sections for all the absorptions of CF 3 Br falling in the spectral range 450 -2500 cm -1 and we have obtained accurate values for many fundamental and combination bands thus extending the analysis to spectral regions not previously investigated [33 -36] . of the sample gas on the cell walls has been checked both by direct measurement of the pressure, and by monitoring of the absorption spectrum: it has been found negligible 
High-resolution spectra
The CF 3 Br molecule is a prolate symmetric rotor belonging to the C 3V point group. Due to the presence of two bromine isotopologues in almost equal proportion, the diode laser spectrum of natural CF 3 Br appears rather crowded, being also present features coming from several hot bands.
Description of the 2ν ν ν ν 5 band region
The region between 1090 and 1102 cm Br, respectively [29] ). Only the spectrum recorded in a free-jet expansion has allowed us to access this spectral region, leading to the assignment of some P(J) multiplets which were completely masked by the R(J) features of ν 1 . Figure 1 reproduces the spectrum around 1093.6 cm -1 where are located the multiplets P (14 -15) and P (13 -14) 
3.2.
Description of the ν ν ν ν 2 + ν ν ν ν 3 band region
The ν 2 + ν 3 combination band shows the typical structure of a parallel-type absorption: compared to the 2ν 5 overtone the density of lines is greater, because the term ∆(A -B) mainly ruling the K-component positions within a given multiplet is much smaller. Another difference is the presence of many hot bands, whose intensities are still considerable even at low temperature: the strongest identified features belong to the ν 2 + 2ν 3 -ν 3 and ν 2 + ν 3 + ν 6 -ν 6 hot bands of both the isotopologues whose lower For the 2ν 5 and the ν 2 + ν 3 parallel bands, the rovibrational analysis has been carried out employing the following equation, which computes the energy of the rovibrational levels up to the quartic centrifugal distortion terms:
where 0 ν is the band origin and v represents the vibrational state. As fitting program, we have used the SPFIT software [39] : an uncertainty of 0.0007 cm -1 has been attributed to well resolved single lines, whereas for blended or scarcely resolved features, an uncertainty of 0.0020 cm -1 has been assumed. Table 1 gives the spectroscopic parameters of the Although the overall agreement between the experimental and the computed spectra is Regarding the ν 2 + ν 3 band, different spectral sections in the P, Q and R branches have been investigated and the K-structure in the P(J) and R(J) multiplets has been resolved and unambiguously assigned. Table 2 A complete list of the assigned transitions is available upon request from the authors.
Cross section measurements by medium resolution FTIR spectra
The absorbance cross-section per molecule (cm 2 molecule -1 ) of the sample, ) (ν σ , has been calculated from the measured infrared absorbance using the following relationship: is the absorbance (at wavenumber ν~ ) of an optical path length l (cm), c is the gas concentration (mol cm -3 ) and A N is the Avogadro's constant. Assuming the validity of the ideal gas law, in the range of pressures used in the present work, the concentration is related to the pressure and the temperature by:
where R is the molar gas constant (J K -1 mol Following a procedure similar to that reported by Nemtchinov and Varanasi [40] , the experimental uncertainty in the cross sections has been estimated by taking into account the uncertainties of the pressure and temperature of the sample, of the optical path length, of the photometric accuracy of the FTIR spectrometer and of the evaluation of absorbance. to facilitate the comparison. In the other regions many bands appear not completely resolved and so the data refer to several bands grouped together: in the range 1360 -1800 cm -1 the absorptions appear so strongly overlapped that the integration limit has been extended to measure their overall intensities. Figure 5 shows the resulting averaged spectrum for some regions investigated in the present analysis. A mean value of 0.300 W m -2 ppbv -1 (with an estimated accuracy of 5.5% and a standard deviation of 2%) for the radiative forcing has been obtained by employing a narrowband model [41] and considering all the data in the range 450 -2500 cm 
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0.0698300 ( b From Ref. [36] . The estimated uncertainty includes the statistical as well as the systematic uncertainty.
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